This paper introduces the GENUS multidisciplinary concept level aircraft design and analysis environment developed by Cranfield University in recent years and it has been applied to the conceptual design of blended wing body (BWB) aircraft. Analytical disciplines include a variety of low-to-medium fidelity, physics-based and empirical methods, and aerodynamic analysis of high-order panel method. Boundary layer ingestion (BLI), as a special module, has been incorporated into the aerodynamic and propulsion analysis. The results of the Cranfield BW-11 are presented. In the highly-constrained design space, a type of highly fuel-efficient BWB concept can be studied, and the advantages of the BLI concept can also be explored based on this framework. * = displacement thickness = boundary layer edge velocity
I. Nomenclature
= skin friction coefficient = drag coefficient = lift coefficient curve slope = moment coefficient curve slope FF = form factor Mcrit = local critical Mach number Mdd = drag divergence Mach number PK = mechanical energy added to flow by propulsion Sref = reference area Swet = wet area Xac = aerodynamic center on x axis XCG = center of gravity position on x axis = energy dissipation = momentum thickness
II. Introduction
The desire to produce an environmentally friendly aircraft that is aerodynamically efficient and capable of conveying large number of passengers over long ranges at reduced direct operating cost led aircraft designers to develop the Blended Wing Body (BWB) aircraft concept [1] . The BWB aircraft represents a paradigm shift in the design of aircraft. The design provides aerodynamics and environmental benefits and is suitable for the integration of advanced systems and concepts like laminar flow technology, jet flaps and distributed propulsion. 1 Ph.D. student, School of Aerospace Transport and Manufacturing, AIAA Student Member. 2 Professor, School of Aerospace Transport and Manufacturing, AIAA Senior Member.
Boundary Layer Ingestion (BLI) is an important technology for the BWB, and is currently being researched as a potential method to improve efficiency and decrease emissions for next generation of commercial aircraft. While reenergizing the boundary layer formed over the fuselage of an aircraft has many system level benefits, ingesting the low velocity boundary layer flow through the inlet into a turbofan engine adversely affects the performance of the engine. The BWB with BLI is a revolutionary concept, which offers several advantages but also a lot of design challenges hence design tools are still at the rudimentary stage. There is the need to develop a comprehensive design tool that addresses inherent challenges early in the design process and permits effective exploration of the design space. This design tool should integrate a physics-based mass estimation and a reliable aerodynamic analysis model, rather than conventional aircraft focused empirical models, into a multivariate optimization framework.
To overcome this issue, a multidisciplinary design analysis and optimization (MDAO) environment was developed in Cranfield University's Aircraft Design Group [2] . The GENUS aircraft design environment has been applied to a hypersonic space design [3] , a solar UAV design, and supersonic business jet design [4] . A turbofan airliner model [6] was used to validate the environment.
In the following section, an overview of the design philosophy and disciplinary models of the MDAO environment is introduced. The next section describes the detailed architecture of each module and the appropriate methods and results to model BWB concepts. The last section discusses the conclusions and future work. .
III. GENUS Aircraft Design Environment
The MDAO aircraft design environment is called GENUS [2] , which has been developed by Aircraft Design Group at Cranfield University since 2012. It is a comprehensive tool for computational design that allows reuse of the design process and integrates the different disciplinary models in a modular, scalable, flexible and independent arrangement. Its name derives from the taxonomical classification of biological organisms (as shown in Fig. 1 ), and it represents the ability to model and analyze different species of aircraft under a common framework.
Fig. 1 GENUS geometry representation of various aircraft species
GENUS is a Java-based architecture, consisting of nine essential modules: 1) geometry, 2) mission, 3) propulsion specification, 4) mass breakdown, 5) aerodynamics, 6) propulsion, 7) packaging and C.G., 8) performance, and 9) stability. Special modules can be added to meet the needs of the specific aircraft designs. The modules are linked together tightly, which makes the multidiscipline design optimization possible. The structure of the design modules in GENUS showing data interactions between the 9 essential modules is shown in Fig.3 . Furthermore, gradient-based and custom-made genetic algorithms also have been built in the framework for design space exploration. 
IV. BWB Design and Analysis Methodologies
An integrated process for multi-fidelity, multidisciplinary, design analysis and optimization for high fuel efficiency BWB concept has been completed. This integrated process includes mission, geometry, mass, propulsion specification, propulsion, packaging and center of gravity, aerodynamics, performance, stability, and optimization. Boundary layer ingestion is a special module to estimate the performance of the BWB concept with BLI.
A. Geometry Generation
The geometry parts are abstracted into lifting surface array and body component array, which provides great flexibility for designers [2] . The lifting surface array is then specified as wing, horizontal tail, vertical tail or canard. The body component array is then specified as fuselage, engine pod, external tank or tail boom. In addition, different geometry formats (such as XYZ point-clouds, and LAWGS) are used to link the geometry inputs to various analytical procedures, such as aerodynamics and packaging. Fig.4 depicts the variables in the geometry module and Fig. 5 is the BWB geometry which is generated by the current geometry module.
Fig. 4 Variables in the geometry module

Fig. 5 View of BW11 generated in GENUS B. Mission Profile
The mission module specifies several flight requirements for a design. These requirements are derived from the market or customer specification. It is defined by estimated take-off mass, target range, cruise Mach or speed, cruise altitude, loiter time and altitude, payload, droppable, and retrievable payload. These variables will be used for subsequent analytical procedures. A typical mission consists of the take-off, climb, cruise, descent and landing as shown in Figure 6 .
Fig. 6 Typical Main Mission Profile of a Commercial Transport Aircraft
C. Propulsion Specification and analysis
The propulsion specification module specifies the type of engine and fuel to use as well as design point and limits for the propulsion system. This information is used by the propulsion analysis module to obtain engine performance under a wide range of flight conditions
In the propulsion analysis module, some low-fidelity methods including semi-empirical regression equations have been built such as those proposed by Raymer [8] and Howe [9] for turbojet/turbofan engines. At a higher fidelity level, NASA's open source applet EngineSim [10] has been integrated in GENUS. This simple tool allows the user to set an engine design point, which can then be frozen to obtain the off-design engine performance.
D. Mass breakdown
The mass breakdown module calculates the mass of structural components, power plants, systems and equipment with mass prediction methods. The shape, dimension, and position of the mass items are predicted for center of gravity calculations and for packaging checking.
Mass prediction can be categorized into finite element, empirical and the semi-empirical approaches. The semiempirical method is the most suitable weight prediction method for conceptual design synthesis. This is because they are fast and easy to implement and accurate sufficiently for the conceptual design phase. The BWB mass breakdown module implements the Bradley semiempirical [14] method, the Howe [15] empirically weighted theoretical BWB airframe mass estimation approach and Cranfield in-house mass estimation method to realize the weight prediction.
E. Packaging
Packaging is an essential module in the conceptual design synthesis of the BWB. It is necessary for the determination of the center of gravity of an aircraft which subsequently affects the stability and control of the configuration and to ensure that internal objects are well contained within the geometry. Ensuring items are completely contained within the geometry is critical in the design of the BWB due to the configuration's non-uniform crosssection. The packaging module consists of sizing, estimation of the center of gravity, geometry parameterization and volume constraint handling. The BWB passenger cabin is sized following the Bradley [14] sizing method.
F. Aerodynamic Analysis
The linear potential solver Panair [16] has been integrated into the GENUS framework for aerodynamic analyses through a dynamic link library (DDL), which is shown in Fig. 7 . Panair uses a higher order panel method; that is the singularity strengths are not constant on each panel, which allows Panair to analyze flow about arbitrary bodies for subsonic and supersonic flows, which is a distinct advantage over other panel methods. Panair provides surface flow properties (flow directions, pressures and Mach number), configuration forces and moments, sectional forces and moments, and pressures.
Fig. 7 Framework for integrating FORTRAN code into JAVA
As for the zero-lift drag, form factor method [15] has been chosen to calculate the skin friction and form drag. The total zero-lift drag comes from the summation of each component, as shown in Eq. (1).
Where N is the number of components used to model the configuration. The wave drag is estimated using Lock's fourth power rule which uses the critical Mach number computed by the following equations: = − 0.108 (2) = 20( ∞ − ) 4 (3)
G. Control and Stability
The BWB has good aerodynamic potential but fairly complicated stability challenges caused by the short moment arm and poor trim characteristics [7] . This module assesses the longitudinal static stability of a BWB by determining the static margins and trim characteristics. The outputs of this module are usually calculated results and error indicators that state whether the aircraft is stable or not in a given flight condition, speed regime and/or the whole mission envelope, which can be used to drive the optimization process.
The static margin is defined as:
Due to the short moment arm and tailless nature, trim characteristics is particularly expedient for a BWB design. According to Castro [21] , a BWB aircraft trim characteristics is assessed by its trim angle of attack as Eq. (5) 
Where:
H. Special module---Boundary layer ingestion
The increased demand for air transportation and the growing emphasis on environmental sustainability have led to enhanced interest in fuel efficiency. Boundary layer ingestion (BLI) has the potential to provide step improvements in fuel consumption and has been proposed for a number of advanced subsonic transport aircraft concepts, including hybrid and blended wing bodies. This module aims to get a better understanding of BLI and to estimate its benefits.
BLI concept has highly coupled and complex interactions in terms of aero-structures, aerodynamics and propulsion-airframe integration, which leads to ambiguous definitions of thrust and drag. Thus, the Power balance method [11] (Eq.7) has been chosen to derive parametric expressions for the aircraft's net streamwise force (drag minus thrust for a conventional aircraft) and for the associated propulsive power as functions of the airframe and propulsion parameters. The energy dissipation for an airframe with BLI is shown in Fig. 8 .
Fig. 8 Energy dissipation for an airframe with BLI [12]
The required boundary layer data including the displacement thickness δ * and momentum thickness θ are generated with XFOIL for 2D subsonic airfoils. Since the XFOIL data does not provide the velocity distribution of the boundary layer, it is necessary to build an alternative model with a region of constant velocity and finite thickness in order to create an easily manageable initial situation for further calculations, which is shown in Fig.9 . Following Budziszewski, N., & Friedrichs, J.'s procedure [17] , these parameters can be calculated by the displacement thickness δ * and momentum thickness θ. Generally, the momentum thickness is defined by:
where the variable is the boundary layer edge velocity. Applying the integral to the described substitution model results in: 
= * • (13)
Fig. 9 Boundary layer substitution model
A parallel compressor model approach is used to analyze the impact of the ingested low velocity fluid which leads to a non-uniform inflow. The basic idea of a parallel compressor model is to substitute a compressor which encounters inflow distortion with two identical hypothetical compressors working at different operating points. The operating characteristic of the two sub-compressors matches the undistorted original characteristic. After getting the two operating points in the distorted and undistorted conditions, the area-weighted mean value has to be calculated to deduce a single operating point.
The process structure of this module is illustrated in Fig. 10 . 
V. Application to the Cranfield BW-11 Aircraft
The Cranfield BW-11 Aircraft was designed by staff and post graduate students at Cranfield University. It is similar in size and range to conventional aircraft such as the A380. It is designed to explore the challenges and benefits BLI application on BWB concept. The general configuration of the BW-11 is shown in Fig. 11 .
Fig. 11 Dimensions of the Cranfield BW-11 Blended Wing Body configuration (units in mm)
Assuming the advances in technology, it is assumed to be in service by c. 2030. The initial specifications accommodated during the conceptual design phase of BW-11 are presented in the table 1 below: The mass breakdown of the BW-11 is shown in Fig. 12 . The fuel accounts up to 41.13% of the calculated total mass. The operational empty mass is about 60% of the calculated total mass.
Fig. 12 Mass breakdown of BW-11
As for the aerodynamic performance, the BW-11 was analyzed for a range of Mach numbers within the operating envelope of the aircraft at angles of attack between -5 and 20•. The relationships between the lift and drag with angles of attack at low and high subsonic Mach numbers are shown in Fig. 13 .
Fig.13 Graphical Relationship Between Aerodynamic Forces at Low and High Subsonic Mach Numbers
As for the boundary layer ingestion module, the development of the boundary layer displacement and momentum thickness along the upper side of the profile is depicted in Fig. 14. The NASA axial flow fan stage 53 [18] operating at 1.35 pressure ratio and the core engine of CFM567B26 are selected as the test case. Table 2 summarizes the main engine specifications and fan design characteristics at the design point utilized for this study. Overall pressure ratio 32.7
The TSFC at cruise condition for both the Non-BLI and BLI models are tabulated in Table 3 below. It shows TSFC reduces by 11.2% at the cruise condition with the application of BLI. 
VI. Conclusion & Future Research
This paper describes a new conceptual level aircraft design, analysis, and optimization environment called GENUS, which is being developed by the Aircraft design group at Cranfield University. The goal is to consider all multidisciplinary aspects of the comprehensive configuration, focusing on key technical points (such as mass breakdown, packaging and control stability), and to increase the level of reliability during the design process, ultimately providing an optimized configuration with an accurate assessment of the potential benefits. In addition to analyzing individual class of vehicle, this feature will better enable comparisons between conventional and advanced conceptual configurations.
The methodologies appropriate to the blended wing body are developed based on GENUS, which vary from empirical regressions to physics-based numerical solutions, and different aircraft disciplines containing multiple levels of fidelity.
In addition, boundary layer ingestion has been considered in the aerodynamics analysis process and the benefit of BLI will be explored from the comparison between the performance of the conventional podded engine and embedded engines with BLI.
The Cranfield BW-11 has been chosen as a basic model for validation, and it shows reasonable results in several disciplines. A type of highly fuel-efficient BWB concept can be explored based on this model. Future work includes developing an acoustic module to predict noise performance for the BWB concept and considering the influence of engine inlet structure on the engine performance in the BLI model. A CFD approach can be implemented as a higher-fidelity way to generate the boundary layer characteristics.
